Abstract. In this paper, we present a new segmentation evaluation method that can simulate radiologist's subjective assessment of 3D tumor segmentation in CT images. The method uses a new metric defined as a linear combination of a set of commonly used objective metrics. The weighing parameters of the linear combination are determined by maximizing the rank correlation between radiologist's subjective rating and objective measurements. Experimental results on 93 lesions demonstrate that the new composite metric shows better performance in segmentation evaluation than each individual objective metric. Also, segmentation rating using the composite metric compares well with radiologist's subjective evaluation. Our method has the potential to facilitate the development of new tumor segmentation algorithms and assist large scale segmentation evaluation studies.
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Introduction
Tumor volume measured from CT images has been shown to provide more accurate estimate of lesion size than 1D and 2D measurements [1, 2] in cancer diagnosis and evaluation of treatment response [3] . Quantitative validation of image segmentation techniques for computing lesion volume is essential for routine clinical use of tumor volumetry.
The quality of the lesion segmentation is traditionally evaluated using either subjective or objective methods [4] . While the subjective evaluation by radiologists, such as five-level rating [5] , is considered as gold standard in clinical setting, it is costly and time consuming, especially for large scale validation studies. Also, the intra-rater and inter-rater variability might result in inconsistent ratings. Compared to the subjective evaluation, the objective metrics are easy to compute, but may not provide an overall assessment of the segmentation quality because each metric only captures certain aspect of the difference between the segmentation and the ground truth. Recently, several methods based on combined objective metrics have been proposed to provide evaluation more relevant to subjective assessment of generic object segmentation [6, 7, 8, 9] . The weights in these combined measures, however, are determined rather empirically, and may not be applicable for tumor segmentation evaluation due to the medical expertise required in the assessment. To date, little work has been done to study radiologist's qualitative evaluation of 3D tumor segmentation.
In this paper, we present a new method for evaluating 3D tumor segmentation. By quantitatively studying the relation between the subjective and objective measures, we propose a new composite metric that can simulate radiologist's subjective rating. The composite metric is defined as a linear combination of a set of objective metrics. Compared to the previously published empirically defined combined metrics, the weighing parameters of the linear combination in our method are determined by maximizing the Spearman rank correlation coefficient between the composite metric and radiologist's subjective rating. Five cluster centers defined by the composite metric are derived from training data to simulate the five-level scale. A segmentation is rated using the corresponding composite metric value according to the distance to the five cluster centers.
The composite metric in our method shows better performance in rating segmentation than each individual objective metric, and compare well with radiologist's subjective rating. Our method has the potential to facilitate the development of new tumor segmentation algorithms and assist large scale segmentation evaluation studies when radiologist's rating is not available.
Method

Subjective Evaluation and Objective Metrics
The radiologist's subjective evaluation for the 3D tumor segmentation was obtained in three steps. First, the ground truth for all lesions was defined by an experienced radiologist on the CT images. Second, all lesions were segmented using an in-house developed technique based on algorithm described in [10] . Third, the quality of the 3D tumor segmentation was evaluated by the same radiologist using a five-point scale, as shown in Fig. 1 , where 1 = segmentation is highly inaccurate, 2 = segmentation is moderately inaccurate, 3 = segmentation is marginally accurate, 4 = segmentation is moderately accurate, and 5 = segmentation is highly accurate.
We investigated a total of ten commonly used volume related objective metrics 1 . These metrics reflect different aspects of discrepancy in segmented and ground truth volumes, such as relative position and volume difference. Three of the ten metrics with highest correlation with radiologist's subjective rating were selected as candidates to construct a composite metric, which is described in the next section. The three objective metrics are defined as follows a) Volume overlap (m 1 )
where Vol seg denotes segmented volume. Vol gt denotes ground truth volume. b) Absolute value of normalized volume difference (m 2 )
where A and B denote the surfaces of segmented and ground truth volumes. a and b are mesh point on A and B respectively. dist(a, b) denotes the distance between a and b. N A and N B are the number of points on A and B.
New Composite Metric
Motivated by the work in [11] , we propose a new metric that can simulate the radiologist's subjective rating in segmentation evaluation. It is defined as a linear combination of a set of objective metrics described in previous section,
where u is the composite metric, c i is the weighing parameter, m i is the objective metric, n is the number of objective metrics.
Let Q denote the number of lesions used in this study, we can stack the objective measurements obtained from segmentation of all these lesions into the matrix equation
where u is a Q × 1 vector of the measurements from the composite metric. M is a Q × n matrix of the measurements from the objective metrics. c is a n × 1 vector of weighing parameters.
To simulate the radiologist's five-level ratings of 3D tumor segmentation using the composite metrics, we first quantify the relation between these two measures. Because the radiologist's rating is based on ranking of the quality of the segmentation, the relation can be described using the correlation of the order of the same set of segmentation defined by radiologist's rating and the composite metric.
One method to quantitatively compute the strength of such correlation is to use Spearman rank correlation coefficient. See [12] for details on Spearman rank correlation coefficient.
To avoid negative value in the computed rank correlation, all objective metrics used in this study except volume overlap are linearly mapped into the interval [0,1], in which higher value is associated with better segmentation quality. From (5), the composite measure computed using normalized objective metrics on all lesions can be expressed asū =Mc (6) whereū is a Q × 1 vector of the measurements from the composite metric,M is a Q × n matrix of normalized objective measurements. Let w, a Q × 1 vector, denote the radiologist's five-level ratings for segmentation of all the Q lesions. The Spearman rank correlation coefficient between the subjective and composite measures is computed as
where r s is the Spearman rank correlation coefficient, R i (·) denotes the rank of the i-th element in the vector. For tied ranks in either subjective or composite group, ranks are computed using the mean value of the ranks those segmentations would have had, if they had been distinguishable [12] .
We can make the two sets of rankings as similar as possible by maximizing the Spearman rank correlation coefficient in (7). For a fixed set of objective metrics, i.e., n and m i , i = 1, . . . , n are fixed, the optimal weighing parameters are determined by c
Using the results from (5) and (7), the optimization problem in (8) is equivalent to
We use "lsqnonlin", a non-linear least square optimization function in MAT-LAB 2 , to compute the optimal weighing parameters in (9) . Once the weighing parameters are determined, the value of the composite metric for segmentation of all lesions can be obtained from the objective measurements using Eq. (6).
Evaluation of Segmentation
The composite metric computed from all training data is used to determine five cluster centers for segmentation evaluation. Each cluster center is computed using the mean value of the composite metric from lesions in each of the five categories defined by the radiologist. All five centers are sorted in ascending order and assigned labels of 1 to 5 to simulate the radiologist's five-level scale.
To rate segmentation of a testing lesion, the value of the composite metric for this lesion is first computed using the method described in previous section. A list of five possible scores is generated in such a way that the label of the nearest cluster center is on the top, and the label of the farthest center at the bottom. Note that the top two scores in the list are always adjacent scores, e.g., 1 and 2, 4 and 3, due to the monotonically increased composite metric value for the five cluster centers. This property is desirable in simulating radiologist's rating because it is common in clinical practice for a radiologist to adjust the rating by one level, as the result of fuzzily defined adjacent classes in the 5-point scale.
Results
Accuracy of Segmentation Evaluation
We tested our segmentation evaluation method using a set of 93 tumors from patients with a variety of cancer, including liver, lymphoma, lung, and so on. All the image datasets were acquired on a 64-slice Siemens SOMATOM Sensation CT scanner. The results of the radiologist's subjective evaluation for all 93 lesions using the five-level scale are briefly described as follows. The number of lesions with rating from 1 to 5 are 7, 10, 19, 39 and 18 respectively. We evaluated our technique using leave-one-out cross validation [13] . The performance was measured using average correct rank and frequency of correct score in the top ranks of the rating list [14] . The average correct rank is computed as the rank of the correct score, i.e., the radiologist's rating, in the generated rating list averaged over all 93 trials. Smaller value of average correct rank indicates better performance of evaluation. For comparison purpose, Spearman rank correlation coefficient between radiologist's rating and quantitative measures averaged over all 93 trials was computed as well.
To select the best set of objective metrics for the composite metric, the leaveone-out procedure was repeated on all combinations of the candidate objective metrics. This is feasible because of the relatively small number of objective metrics used in this study. Rating segmentation using single objective metric was implemented in a way similar to that for composite metric described in Section 2.3.
The segmentation evaluation results are shown in Table 1 and Fig. 2 . For the sake of brevity, Fig. 2 only shows results from three combinations with smallest average rank of correct scores. These three combinations also showed the highest percentage of correct score in the top ranks of rating list among all combinations using either single or multiple objective metrics. Compared to other combinations, the composite metric computed using all three objective metrics showed the best value for each performance measure. The average correct rank is 1.44, and the average Spearman correlation coefficient is 0.83. The percentage of correct rating in the first place of the list is 66.7%, and increases to 90.8% for top two choices. This result suggests that there is ∼ 90% of chance that one of the two ratings in the top two positions in the list will match radiologist's score. The performance of composite metric from objective metrics m 1 , m 2 and m 3 was slightly better than that from m 1 and m 2 . This is probably because the RMS surface distance (m 3 ) and volume overlap (m 1 ) both reflect the relative position of two segmentations, although m 3 may be more sensitive than m 1 . Using more similar metrics in the composite metric provides only limited help for improving the performance.
From the experimental results above, we chose all the three objective metrics as the optimal combination, and used this combination for the remaining experiments. The composite metric determined from all the 93 lesions is given by u m1,m2,m3 = 0.39m 1 + 0.15m 2 + 0.42m 3 .
(10)
Parameter Sensitivity
We studied the variation of the optimal weighing parameters of the composite metric and the five cluster centers for rating segmentation in the leave-one-out cross validation. The variation is measured by coefficient of variation, which is defined as ratio of standard variation to the mean of data. Table 2 shows the coefficient of variation for the weighing parameters and cluster centers. Results from 4 of the 93 trials showed significantly different values than others, and were removed as outliers. The weighing parameter for RMS surface distance showed larger variation than those for volume overlap and absolute value of normalized volume difference. This is mainly because RMS surface distance is more sensitive to lesion size. The value of all the five cluster centers showed relatively small change.
Discussion and Conclusion
We presented a method for evaluating 3D tumor segmentation using a new composite metric. The composite metric is defined as a linear combination of a set of objective metrics. The segmentation is rated using the composite metric on a fivepoint scale to simulate the radiologist's criterion routinely used in clinical setting.
Experimental results on 93 lesions demonstrated that the new composite metric showed better performance in rating segmentation than each individual objective metric. Our method is also relatively robust to the selection of training data. These results suggest that our method can provide a more adequate and reproducible evaluation of the quality of tumor segmentation.
The combined objective metrics for segmentation evaluation in [6, 7, 8, 9] were determined empirically. In comparison, the weighing parameters of the new composite metric were computed by quantitatively correlating the objective and subjective measures. Consequently, our method can be applied to evaluate different segmentation algorithms and segmentation results on images from other imaging modalities, such as MRI.
Results on 93 lesions showed that segmentation rating from the new composite metric compared well with radiologist's score using top two selection in the rating list. This result suggests that our method can facilitate segmentation evaluation on large scale clinical study by predicting radiologist's five-level rating, especially when such scores are not available for all the data.
Future work includes deriving a composite metric that can simulate subjective evaluation from multiple radiologists, and investigating the reproducibility of radiologist's rating and the optimal sample size in the training stage.
